Abstract: As bison is characteristically dark in colour, this study was conducted to determine if high-voltage electrical stimulation (HVES) could improve the colour and other quality characteristics in bison, similar to positive effects of HVES previously observed in beef. Forty bison bull carcasses were split and HVES (400 V peak, 5 ms pulses at 15 pulses s −1 for 30 s) was applied to the right sides and subsequently evaluated for grade characteristics, metabolic activity, and quality characteristics. The bison carcasses used in this study had a wide range of lean and fat, with minimal marbling. In the present study, HVES had no effect on bison quality traits, sensory attributes, retail display characteristics, nor the glycolytic metabolites (P > 0.05) except lactate. Inherent differences in muscle fibre type or physical carcass differences may have influenced the response to the electrical parameters used in the present study and merits further investigation.
Introduction
The bison industry in Canada is small but growing in size and trying to position their meat products in the Canadian red-meat market place (Steiner et al. 2010) . Early research indicated noticeable differences between bison and beef cattle on meat palatability and shelf-life traits. Koch et al. (1995) and Larick et al. (1989) reported that bison were more tender, more juicy, and had lower shear force than beef cattle, even though a noticeable "off-flavour" was identified in bison. For shelf-life attributes, meat colour is one of the major concerns in bison, as bison meat is darker (Koch et al. 1995) and discolours more rapidly (Dhanda et al. 2002; Janz et al. 2000; Pietrasik et al. 2006 ) than beef. The exact mechanism for colour differences between beef and bison have not been elucidated. Similar to beef, bison generally reach a normal postmortem ultimate pH (5. 4-5.7; Janz et al. 2001) . Structurally, beef and bison have identical myoglobin that displays no difference in primary structure, kinetics of oxidation, and themostability (Joseph et al. 2010) . However, bison have been shown to have a difference in muscle-fibre type (Aalhus et al. 2009; Koch et al. 1995) , resulting in a higher pigment concentration (Galbraith et al. 2012 ) and higher levels of iron (Galbraith et al. 2006; Marchello and Driskel, 2001 ) compared with those typically found in beef. Light penetration and scattering can also be influenced by potential structural differences (Swatland 2004) .
Some technologies have been applied on bison meat with the purpose of mitigating the negative attributes (namely "off-flavour", discolouration, etc.), such as blast chilling, spray chilling, elevated temperature conditioning, moisture enhancement, and marination (Dhanda et al. 2002; Janz and Aalhus 2006; Janz et al. 2000 Janz et al. , 2001 Pietrasik et al. 2006 ) that have improved, in some cases, organoleptic characteristics of high-value cuts (i.e. ribeye), but have had limited or no significant effect on the development or stability of bison meat colour.
High-voltage electrical stimulation (HVES) is a wellknown technology that has been reported to improve beef quality from animals whose meats have presented too much tenderness variation (i.e., tough) and undesirable muscle colour (i.e., dull red), such as bulls, foragefed animals, and mature cows, resulting in more tender meat with brighter muscle colour (Davis et al. 1981; McKeith et al. 1980; Riley et al. 1983) . Hall et al. (1980) concluded that electrical stimulation improved the retail appearance of beef through its effects on brightening muscle colour, decreasing surface discolouration, and enhancing overall appearance of retail cuts. While the effects of HVES on beef have been well documented, the effects of this technology applied to bison are currently unexplored. Thus, the objective of the present study is to determine the effects of HVES on quality traits, sensory attributes, and retail display characteristics of bison steaks and ground meat.
Materials and methods

Animal selection and slaughter
Forty commercially raised feedlot bison bulls (26-30 mo of age) weighing an estimated 450 kg were randomly selected from the pen to provide 10 animals per slaughter date (referred to as kill 1-4) and transported by truck to Agriculture and Agri-Food Canada, Lacombe Research and Development Centre (AAFC-LaRDC). Following delivery, animals were slaughtered in accordance with the principles and guidelines established by the Canadian Council on Animal Care (2009). Final live weights were recorded and animals were stunned and exsanguinated. Following splitting of the carcass, trimmed side weights were recorded. Within 45 min of exsanguination HVES (400 V peak, 5 ms pulses at 15 pulses s −1 for 30 s; Simmons et al. 2008 ) was applied to the right sides. Immediately following stimulation, an initial (1 h) pH and temperature was recorded posterior to the grade site on both left and right longissimus lumborum (LL) using a Hanna HI99163 pH meter equipped with a Hanna Smart electrode for meat (model #FC232; Hanna Instruments, Laval, QC, Canada). From 20 animals, an ∼20 g sample from both right and left LL were removed using a coring drill (Craftsman Cordless Drill model 315.224100, Serial # 9938), frozen immediately in liquid nitrogen, and stored in Whirl-Pack ® bags at −80°C for subsequent determination of glycolytic metabolites according to the modified procedure of Dalrymple and Hamm (1973) reported in Holdstock et al. (2014) . Upon entry into the cooler, stainless steel thermocouples (10 cm) were placed into the right and left hips (approximately 15 cm above the aitch bone at a 45°angle) and into the mid-point of the right and left loins (just below the grade site) to record temperature decline over 48 h using data temperature loggers (Mark III, MC4000; Sumaq Wholesalers, Toronto, ON, Canada). After 3 h in the cooler, an additional pH and temperature were recorded in the left and right loins in the same location as the initial values.
Meat quality
At 48 h, carcass sides were weighed to determine cooler shrink loss. The left carcass sides were ribbed at the Canadian bison grade site (between the 12th and the 13th ribs) and allowed a 20 min period of exposure to atmospheric oxygen. Full Canadian grade data were then determined (Canada Gazette 2007) including subjective assessments of marbling (AMSA 1990) and colour [Japanese Meat Grading Association (JMGA) Beef Colour Standards; 1 = pale; 8 = extremely dark] by a certified bison grader. Using a Minolta CR-300 with Spectra QC-300 software (illuminant C and 2°observer, 3 mm aperture; Minolta Canada Inc., Mississauga, ON, Canada), objective colour measurements (CIE L*: brightness; a*: red-green axis; b*: yellow-blue axis; Commission Internationale de l'Eclairage 1978) were collected in triplicate at the grade site from both left and right sides and converted to hue [h ab = arctan(b*/a*)] and chroma [C* ab = (a* 2 + b* 2 ) 0.5 ]. Following grading and objective colour measurements, a final (48 h) pH and temperature reading were recorded in the left and right LL.
The left and right LL were pulled from the carcass at 48 h and a 2.5 cm steak was removed from each side (subsequently referred to as the 2 d aged steaks). Raw steak weight was recorded prior to cooking. A spearpoint temperature probe (10 cm) was inserted into the mid-point of the steak. Steaks were grilled (Garland Grill ED30B; Condon Barr Food Equipment Ltd., Edmonton, AB, Canada) to an internal temperature of 35.5°C, turned, and cooked to a final temperature of 71°C (Hewlett Packard HP34970A Data Logger; Hewlett Packard Co., Boise ID, USA). Upon removal from the grill, steaks were placed into polyethylene bags, sealed, and immediately immersed in an ice-water bath to prevent further cooking. They were then transferred to a cooler to allow standing for a 24 h period. Final steak weight was recorded and six cores, 19 mm in diameter, were removed parallel to the fibre grain. Using a 19 mm core, the established thresholds for tender, probably tender, probably tough, and tough beef are <5.6, <7.85, >7.85, and >9.6 kg, respectively . Peak shear force was determined on each core perpendicular to the fibre grain (TA-XT Plus Texture Analyzer equipped with a Warner-Bratzler shear head at a crosshead speed of 200 mm min −1 and a 30-kg load cell using Texture Exponent 32 Software; Texture Technologies Corp., Hamilton, MA, USA). Raw and final steak weights were used to determine cooking loss (mg g −1 ) and cooking time (s g −1 ). Shear force (kg) at 2 d of ageing was recorded as the average of all six cores.
The remainder of left and right muscles were trimmed of all extraneous fat to the overlying connective tissue and cut into three equal portions (approximately 10 cm). Controlling for location, individual portions were assigned to an ageing period of 6, 13, or 20 d post slaughter and labeled accordingly. Aged portions were weighed into vacuum package and held in a 2°C cooler with wind speeds of 0.5 m s −1 until the designated day of ageing. From the remaining end portion of the LL, a subsample of approximately 20 g was labeled, vacuumed packaged, and placed into −80°C freezer for subsequent determination of myofibrillar index (Rodas-González et al. 2012) . At 48 h, 150 g of subcutaneous (SQ) fat and 850 g of rhomboideus (RH) muscle from both left and right sides of the carcass were weighed, labeled with animal identification, and individually vacuum packaged. RH muscle was placed into a cooler, while SQ fat was frozen at −35°C until 13 d of ageing.
Following the 6 d ageing period, the designated 6 d portion of the LL was removed from the cooler and weighed to determine purge loss. A small portion (∼100 g) was removed from the cut surface of the muscle and frozen at −80°C for myofibrillar index at 6 d. Two 2.5 cm steaks were removed from each LL portion using aseptic techniques that ensured the surface of the steaks were handled as little as possible. From the first steak, estimates of tissue oxygen consumption and MMb reducing activity (reduction of nitric oxide metmyoglobin method) were determined based on methods of King et al. (2011) and Sammel et al. (2002) . The second steak was pre-weighed onto polystyrene trays with a Dri-Loc ® pad (UZ Soaker Ultra Zap Pads; Paper Pak Industries, Washington, GA, USA), over-wrapped with a polyvinyl chloride (PVC) oxygen permeable film (8000 mL m Approximately 1 h after placing samples into retail display, three objective colour measurements were collected in triplicate across the steak and converted to hue and chroma (described previously; Minolta CM2002; Minolta Canada Inc., Mississauga, ON, Canada) representative of 0 d in retail display (starting at 6 d post slaughter). Spectral reflectance readings were also collected at the same time using the Minolta CM2002 and converted to reflex attenuance (Shibata 1962) . Interpolation of isobestic points for 473, 525, 572, and 730 nm were determined (Krzywicki 1979) to calculate relative contents of metmyoglobin (MMb), myoglobin (Mb), and oxymyoglobin (OMb). Following objective measurements, steaks were subjectively evaluated by a semi-trained 5-member sensory panel for lean colour and percent surface discolouration using an 8-point descriptive scale (1 = white and 8 = extremely dark red) and a 7-point descriptive scale (1 = no surface discolouration and 7 = complete surface discolouration), respectively. Objective and subjective evaluations were repeated at 2 and 4 d of retail display. Following the 4 d colour measurements, steaks were removed from retail display and final weight of the steak was recorded to determine steak drip loss. Steaks were then cooked to an internal temperature of 71°C and shear force determined (10 d post slaughter, described previously).
At 13 and 20 d, aged portions were handled in same manner as the 6-d portion (shear force determined after removal from the retail case at 17 and 24 d post slaughter) with an additional steak being collected and frozen at 13 d for sensory evaluation (n = 20). Additionally, at 13 d, the lean from RH muscle and the SQ fat were removed from the cooler and freezer, respectively, and ground (Butcher Boy Meat Grinder; American Meat Equipment LLC; Selmer, TN, USA) initially with a 6 mm grind plate followed by a second grind using a 4 mm grind plate to achieve an 85:15 lean to fat grind. Fat content was verified by analyzing an ∼20 g frozen and subsequently thawed subsample of grind for moisture and fat using CEM rapid analyzer systems (Smart Turbo Moisture Analyzer Model 907990 and Smart Trac Fat Analyzer Model 907955; CEM Corporation, Matthews, NC, USA) expressed as a percentage of weight. A 50 g sample was used to determine thiobarbituric acid reactive substances (Holm Nielsen et al. 1997) . The grind was used to form three 140 g patties (11.5 cm diameter × 0.65 cm thick) using a single patty hamburger press (Cabelas, Sydney, NE, USA). The first patty was PVCpackaged and displayed in retail for evaluation as described previously for steaks. The second and third patties were labeled, vacuum-packaged, and placed into −35°C freezer for subsequent sensory evaluation.
Sensory analysis
At the time of analysis, taste panel steaks were removed from the freezer and placed in a refrigerator to thaw for 24 h. Fifteen minutes prior to grilling, the steaks were removed from the refrigerator and weighed to determine raw steak weight. Temperature probes were inserted horizontally to the mid-point along the long axis of the steak. Steaks were grilled to an internal temperature of 35.5°C, turned, and cooked to a final temperature of 71°C as described previously. After cooling for 5 min, steaks were weighed to determine final cooked weight. Raw and cooked weight differences were expressed as cook loss (mg g −1 ) and total cook time expressed as s g −1 . Each steak was cut into 1.3 cm cubes, avoiding connective tissue and large areas of fat. Eight cubes from each sample were randomly assigned to an 8-member trained taste panel (AMSA 1995) to assess. Samples were blind-coded, placed in glass jars in a circulating water bath (Lindberg/Blue model WB1120A-1; Kendro Laboratory Products, Asheville, NC, USA), and allowed to equilibrate to 68°C prior to evaluation. Attribute ratings were electronically collected with Compusense 5, release 4.6 computer software (Compusense Inc., Guelph, ON, Canada) using 9-point descriptive scales for initial and overall tenderness (9 = extremely tender; 1 = extremely tough), initial and sustainable juiciness (9 = extremely juicy; 1 = extremely dry), bison flavour intensity (9 = extremely intense; 1 = extremely bland), off-flavour intensity (9 = no offflavour; 1 = extremely intense off-flavour), and amount of connective tissue (9 = none detected; 1 = abundant). Flavour desirability and overall palatability were rated on a 9-point hedonic scale (9 = extremely desirable; 1 = extremely undesirable). Initial tenderness was rated on the first bite through the cut center surface with the incisors; initial juiciness was rated after 3-5 chews with the molars; bison flavour intensity, off-flavour intensity, and amount of connective tissue were rated between 10 and 20 chews; and sustainable juiciness and overall tenderness were rated prior to expelling. Bison patties were removed from the freezer and thawed overnight in a 4°C refrigerator. Raw weight was recorded prior to placing patty into a double-sided nongreased omelet pan (Joie Omelet Ease, www.joieshop. com) preheated for 10 min on the grill set to 205°C. Pans were placed on the grill and patties were cooked in a standardized manner to reach 71°C internal temperature. Patties were removed from the omelet pan and cooled for 2 min prior to recording final cooked weight for determination of cook losses. Patties were then cut into 8 pie-shaped pieces to be presented to taste panelists in same manner as described for steaks with the elimination of the attribute for amount of connective tissue and the addition of an attribute for residual mouth coating (9-point descriptive scale with 9 = none detected and 1 = extremely abundant).
Statistical analysis
Carcass and grade data were analysed to describe the sampled bison population using the means statement of SAS Institute Inc. (2013), whereas quality grade, marbling scores, and JMGA were analysed using the frequency statement. All other data were analyzed using the Mixed Model computer algorithm with electrical stimulation, and when appropriate, ageing as fixed effects and kill date and individual animal as random effects. When appropriate, the effect of time in retail was included as a repeated measure. For all models, live weight was included as a covariate and the degrees of freedom in the denominator was adjusted using the Kenward-Roger procedure and least square means were separated (F test, P < 0.05) by using least significant differences generated by the PDIFF option. All models that included a repeated measure used auto-regressive covariance structure for parameter estimates.
Results and Discussion
Description of bison population
Typical of the commercial bison industry , there was a significant range in carcass characteristics in the animals used in the present study (n = 40; Table 1 ). Final live weights averaged 481 kg and ranged from 327 to 615 kg. Dressing percentage ranged from a low of 50.1% to a high of 59.8%, averaging 56.1%, which is lower than the average dressing percentage normally observed for cattle in Canada (59-62%; Canfax Research Services 2013), and lower than 59.1% and 62.6% reported by Janz (1999) and Koch et al. (1995) , respectively. Cooler shrink losses were generally low, ranging from 1.4% to 2.1% similar to the previously reported range of 0.98-2.25% (Janz 1999 ). There was a large range in grade characteristics with grade fat ranging from 1 to 20 mm of fat (average 7.5 mm) and ribeye areas ranging from 32 to 83 cm 2 . Grade fat and ribeye areas were applied to the beef yield grade equation , and on this basis, 66.7% of the carcasses fell into yield grade 1 (>59% lean), 23.1% fell into yield grade 2 (53-58% lean), and 10.3% fell into yield grade 3 (<53% lean; data not shown). In comparison, in 2012, the average Canadian beef population yield grades were 48.8%, 33.5%, and 17.6%, respectively ). According to the Canadian Bison Grading system (first enacted in 1992 , amended in 2007 Canada Gazette 2007) , based on grade fat and maturity characteristics, the majority of the carcasses would have fallen into the highest grades (47.5% A1: 2-6 mm of backfat; 35% A2: 7-12 mm of backfat), with a lesser proportion of carcasses falling in the lower grades (12.5% A3: 13-18 mm backfat; 2.5% A4: >18 mm backfat; Fig. 1 ). One animal (2.5%) was graded as a B1 with backfat <2 mm. Janz (1999) and Aalhus et al. (2003) also reported a high proportion of bison bulls with a backfat <12 mm. In contrast to beef cattle, where higher levels of marbling are sought to achieve higher quality grades, marbling in the present bison population was limited with 45% and 12.5% of carcasses devoid, or practically devoid, respectively, and 35%, 2.5%, and 5% attaining traces, slight, and small levels of marbling, respectively. A similar range was reported in bison by Aalhus et al. (2003) and López-Campos et al. (2013) . Koch et al. (1995) reported slightly higher average marbling scores (an average of "slight"). Compared with beef, the traces, slight, and small levels of marbling translate into A, AA, and AAA quality grades, and in 2012, 2.1%, 41.2%, and 55.6%, respectively, of beef carcasses achieved these marbling levels ). Additionally, there was a wide range in subjectively evaluated colour (Fig. 2) . Using the JMGA silicon colour standards, scores for the ribeye ranged from 4 to 8, with the majority (42.5%) scoring a 7, which is equivalent to moderately dark. Beef cattle normally are scored as 4-5 on this scale and a score of 7 would be considered dark cutting. Bison meat tends to be darker in colour than beef, partly due to a difference in muscle fibre type and pigment concentration (Aalhus et al. 2009; Koch et al. 1995) . In general, these data indicate the bison population used in the present study were typical of the bison industry and quite variable.
Effects of HVES and ageing
Electrical stimulation (ES) is a well-known postmortem technology that is currently used in Canada and has been reported to reduce tenderness variation and improve muscle colour in beef cattle, including bulls, forage-fed animals, and mature cows (Davis et al. 1981; McKeith et al. 1980; Riley et al. 1983 ). The benefits of ES on meat tenderness can be explained by several mechanisms including prevention of cold shortening (Simmons et al. 2008) , calpain-induced proteolysis (Dransfield et al. 1992; Hwang et al. 2003; Koohmaraie et al. 1988) , and physical muscle damage (Ho et al. 1994 (Ho et al. , 1996 ; Huff-Lonergan et al. 1995; Savell et al. 1978 ). Together these processes have been shown to contribute to improved tenderness and to an improved and brighter red colour in beef cattle post mortem (Aalhus et al. 1994 ). In the only study conducted on bison, lowvoltage stimulation (21 V for 20 s) had a tendency to improve bison meat tenderness as indicated by reduced shear values (Janz et al. 2001 ).
In the present study, HVES had limited effects on bison meat quality characteristics. Compared with normal findings for beef, neither meat colour at grading (Table 2 ) nor shear force (Table 3) was improved by HVES. Normally, HVES results in a significant and rapid increase in glycolysis, resulting in a rapid pH decline. In the present study, carcasses were visually observed to respond to stimulation in the abattoir, but compared with most beef carcasses, the muscular contraction had all but ceased at the end of the HVES cycle. As a result, the overall drop in pH early post mortem was not significant (P = 0.11; overall control vs. HVES at 1 h, 3 h, and 48 h, respectively, were 6.52 vs. 6.47, 6.03 vs. 5.98, and 5.63 vs. 5.64) and there were no significant differences in temperature decline. Indeed, when the difference in pH between control and HVES sides was examined (Fig. 3) , the pH response was generally low (0.05-0.15 pH units) compared with beef (0.20-0.55 pH units; Aalhus et al. 1994) , and was only observed to be different in Note: Least square means within a row and treatment lacking a common letter in italic type differ (P < 0.05). SEM is the standard error of the mean and Pr is probability.
a Both sides of 20 animals were tested for glycolytic metabolite concentrations. Note: Least square means within a row and treatment lacking a common letter in italic type differ (P < 0.05). SEM is the standard error of the mean and Pr is probability. Kill 2 (P = 0.05) and tended to be different in Kill 3 (P = 0.07). Bison are more flighty and fearful than cattle, due to their relatively large flight zone, strong herd instincts, and aggressive nature (CARC 2001). Consequently, they are more susceptible to the stresses encountered in the pre-slaughter environment (loading, transportation, lairage, etc.) that can result in insufficient muscle glycogen to respond to stimulation in the manner normally observed for beef cattle. However, when the metabolites of glycolysis were analysed post mortem, the only glycolytic metabolite that showed a significant response to HVES was lactate, with elevated levels compared with control sides (P < 0.01; Table 2 ). Associated with the higher lactate levels in HVES sides was a slight increase in the oxygen consumption rates (62.75% vs. 61.32%; P = 0.04; Table 3 ). At the same time, there was a tendency for glycogen levels to be lower and glucose levels to be higher in HVES sides (P = 0.11 and P = 0.12, respectively; Table 2 ). Of significance was the observation of an overall high residual glycogen in these animals (>70 μmol g −1 ) and a relatively normal total glycolytic potential (∼94 μmol g −1 ), suggesting that these bison should have been capable of responding to HVES similar to cattle. However, Pethick et al. (1995) have shown a wide variation in enzyme activity associated with varying fibre types, including a lower activity of glycogen phosphorylase associated with Type I or slow oxidative muscle fibres. Bison have been shown to have larger diameter slow oxidative Type I muscle fibres, a higher proportion of fast oxidative glycolytic Type IIa muscle fibres, and a lower proportion of fast glycolytic Type IIb muscle fibres (Aalhus et al. 2009 ). Thus, bison may have an overall lower capacity for rapid glycolysis post mortem. However, bison appeared to respond as expected to low-voltage stimulation in Janz et al. (2001) , suggesting other factors may also have affected their response to HVES. Simmons et al. (2008) indicate that the physiological characteristics of the muscle define the observed response to different electrical inputs. Fibre diameter is the main determinant of the electrically induced depolarisation threshold for muscle tissue, whereas fibre type composition defines the extent of calcium release-reuptake, together with the properties of the associated force generation. Additionally, bison carcasses tend to be significantly different than beef carcasses Koch et al. 1995) ; they are typically lighter, with a lower proportion of their carcass in the hindquarter, and the majority of the carcass fat located over the thoracic area. Hence, further studies in bison to investigate the HVES parameters best suited to their gross physical differences and muscle physiological characteristics to elicit a favourable meat quality response are warranted.
There was a significant two-way interaction between HVES and ageing for the myofibrillar fragmentation index (MFI; P = 0.02; Table 3 ), which was an indication of the rate of breakdown of proteins in the postmortem period. HVES bison sides had significantly higher MFI at 6 d and 13 d post mortem, and were not significantly different from control sides at 2 d and 20 d post mortem. A similar two-way interaction between HVES and ageing was not observed for shear force, which may be attributable to the difference in time of sampling (2, 6, 13, and 20 d post slaughter for MFI and 2, 10, 17, and 24 d for shear force) or to the imperfect relationship between raw MFI and cooked shear force (for example, R 2 = 0.73 over 8 d post mortem in buffalo; Rajagopal and Oommen 2015) . At the same time, an overall lower drip loss was observed in HVES sides compared with controls (37.70 vs. 39.96 mg g −1 , P < 0.01; Table 3 ). As expected from the limited metabolic response, there were no significant effects of HVES on the retail characteristics of bison steaks evaluated after different ageing times (Table 4) nor bison burgers evaluated at 13 d post mortem (Table 5) . Additionally, for most sensory traits, there were no significant differences between HVES and control steaks and burgers (data not shown). However, the sensory score for sustainable juiciness was slightly higher in HVES than in control steaks (5.37 vs. 5.18, P = 0.04). In contrast, the sensory scores for initial juiciness and sustainable juiciness in burgers were significantly lower in HVES than in control patties [initial juiciness: 4.28 (HVES) vs. 4.58 (control), P < 0.01; sustainable juiciness: 4.75 (HVES) vs. 5.04 (control), P < 0.01]. The higher MFI and lower drip losses associated with HVES (described above) signify a difference in water-holding capacity in HVES muscles that may have been observed as a higher sustainable juiciness in the steaks and conversely have resulted in greater moisture loss during cooking and a perceived lower juiciness in the non-intact, comminuted burgers. Previous work using low-voltage electrical stimulation (Janz 1999) reported no significant sensory effect in bison bulls.
Bison steaks improved in tenderness (both mean shear values and deviations within the steak; Table 3) ). post mortem (P < 0.0001). Similar effects of ageing have been observed in other meat species (Devine 2014; Rodas-González et al. 2012) , where postmortem ageing reduced shear force values due to extended proteolysis, increasing MFI values. Additionally, purge losses in vacuum-packaged bison increased over ageing time post mortem, with a concomitant reduction over ageing time in the drip loss during retail display and cooking losses. Results from Payne et al. (1998) are in agreement with the current study where beef subprimals that are stored for extended periods experience gradual increases in purge loss as the storage period increases, affecting the drip formation.
On the other hand, oxygen consumption was not affected by ageing time, but the metmyoglobin reducing activity (MRA) significantly increased over time post mortem (Table 3 ). This was paralleled by observations of a higher proportion of MMb, a lower proportion of Mb, and a higher discolouration score with increasing ageing time during retail display in bison steaks (Table 4 ). Significant increases in L* were also observed over ageing time, whereas the changes to chroma and hue were significant but inconsistent over time. According to Madhavi and Carpenter (1993) , greater MRA and lower oxygen consumption may extend colour stability of longissimus by increasing reduction of MMb to Mb allowing greater penetration of oxygen into the meat; however, this is not supported by the results of the present study. Additionally, Ledward (1985) and Cheah and Ledward (1997) suggest that oxygen consumption plays a significant role in MMb formation initially, but as oxygen consumption decreases, reducing activity becomes the predominant factor in maintaining stability. In contrast, some researchers have reported that MRA is not a controlling factor, delaying the accumulation of MMb (Echevarne et al. 1990; Madhavi and Carpenter 1993) ; even MRA (by nitric oxide) is not associated with any improvement in colour or only has high correlation on d 3 of retail display when discolouration is greatest (Sammel et al. 2002) . Also, enzymatic reduction may not be completely attributed to meat because microorganisms have also shown nitrite reducing ability. Thus, the presence and potential role of microorganisms cannot be ruled out (Bekhit and Faustmann 2005) .
There were no two-or three-way interactions of HVES with time of retail display nor with time of retail display Note: Least square means within a row and treatment lacking a common letter in italic type differ (P < 0.05). SEM is the standard error of the mean and Pr is probability. Discolouration score: 1 = no surface discolouration; 7 = complete surface discolouration. and ageing time (data not shown). Time of retail display (0, 2, or 4 d) had significant effects on all colour parameters measured (decreased OMb, increased MMb, increased discolouration scores, etc.), both for bison steaks and burgers. However, these effects were consistent with previous reports in the literature (Galbraith et al. 2012; Nassu et al. 2010) , hence these data were not included in the present study.
Implications
Unexpectedly, HVES of bison carcasses neither improved colour nor tenderness characteristics in the present study, and based on measures of glucidic metabolites and ultimate pH, this was not attributable to insufficient muscle energy stores at slaughter. Inherent differences in postmortem enzyme activity, muscle fibre type, or physical carcass differences may have influenced the response to the electrical parameters used in the present study. Hence, further studies in bison to investigate the HVES parameters best suited to their gross physical differences and muscle physiological characteristics to elicit a favourable meat quality response are warranted.
